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Abstract
INTEGRAL IBIS/ISGRI 18-60 keV observations of SS433 performed in 2003-2011 enabled for the first time the hard
X-ray phase-resolved orbital and precessional light curves and spectra to be constructed. The spectra can be fitted by
a power-law with photon index ' 3.8 and remain almost constant while the X-ray flux varies by a factor of a few. This
suggests that the hard X-ray emission in SS433 is produced not in relativistic jets but in an extended quasi-isothermal
hot ’corona’ surrounding central parts of a supercritical accretion disc. Regular variations of the hard X-ray flux in
SS433 exhibit, on top of the orbital and precessional variability, a nutational variability with a period of ∼ 6.29 d. For
the first time, a joint analysis of the broadband 18-60 keV orbital and precessional light curves was performed in the
model assuming a significant Roche lobe overfilling by the optical star, up to its filling the outer Lagrangian surface
enabling mass loss through the outer Lagrangian L2 point. From this modeling, the relativistic-to-optical component
mass ratio q = Mx/Mv & 0.4 ÷ 0.8 is estimated. An analysis of the observed long-term stability of the orbital period
of SS433 with an account of the recent observations of SS433 by the VLTI GRAVITY interferometer enabled an
independent mass ratio estimate q > 0.6. This estimate in combination with the radial velocity semi-amplitude for
stationary He II emission, Kx = 168 ± 18 km s−1 (Hillwig et al., 2004) suggests the optical component mass in SS433
Mv > 12 M. Thus, the mass of the relativistic component in SS433 is Mx > 7 M, which is close to the mean
mass of black holes in X-ray binaries (∼ 8 M). The large binary mass ratio in SS433 allows us to understand why
there is no common envelope in this binary at the secondary mass transfer evolutionary stage and the system remains
semi-detached (van den Heuvel et al., 2017). We also discuss unsolved issues and outline prospects for further study
of SS433.
Keywords: binary system, evolution, jets, supercritical accretion disc, precession, black hole, neutron star, accretion,
microqusar.
1. Introduction
SS433 was included by Stephenson and Sanduleak
into a Catalog of strong Hα emission sources (Stephen-
son and Sanduleak, 1977). The first optical spectrum of
SS433 obtained by Clark and Murdin (1978) revealed
the presence of emission lines that could not be identi-
fied with known elements. Further spectroscopic studies
Margon et al. (1979a,b); Mammano et al. (1980, 1983)
discovered moving emission lines of hydrogen and neu-
tral helium shifting with a period of ∼ 164 d. To explain
the moving emission lines, Fabian and Rees (1979) and
Milgrom (1979) suggested a now commonly recognized
kinematic model of two oppositely directed relativis-
tic jets moving with a velocity of v j ' 0.26c (c is the
speed of light). This model was supported by the dis-
covery of stationary emission lines Doppler-shifted by a
binary orbital motion with period Pb ' 13.1 d (Cramp-
ton et al., 1980). To explain the precessional variability
of SS433, van den Heuvel et al. (1980) applied a model
of slaved accretion disc formed by precessional motion
of the rotational axis of the optical companion (Shakura,
1973; Roberts, 1974). The slaved disc model for SS433
was justified by Katz et al. (1982). The discovery of
optical eclipses in SS433 binary system (V1343 Aql)
(Cherepashchuk, 1981b) unveiled the nature of this ex-
ceptional object as a massive eclipsing close binary sys-
tem at advanced evolutionary stage with a supercritical
accretion disc (Shakura and Sunyaev, 1973) around a
compact object. This model was further supported by
spectroscopic observations by Crampton and Hutchings
(1981) who measured the radial velocity curve using the
stationary HeII 4686 emission line and estimated the
mass function of the compact object fx(M) ' 10 M.
Presently, it is clear that SS433 is a massive Galactic
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microquasar at supercritical accretion stage with mildly
relativistic precessing jets. It is located in the centre
of a supernova remnant, plerion W50, at a distance of
d ' 5.5 kpc (Margon, 1984; Cherepashchuk, 1981b,
1989; Fabrika, 2004). This object has been intensively
studied in the radio, IR, optical and X-ray bands (see
Fabrika (2004) for a review and early references). The
binary system SS433 demonstrates three types of spec-
tral and photometric periodic variability: precessional
(Ppr ' 162.3 d), orbital (Pb ' 13.282 d) and nuta-
tional (Pnut ' 6.29 d) ones (Margon, 1984; Goranskii
et al., 1998a,b; Davydov et al., 2008) which remains
on average stable over about 40 years (Cherepashchuk
et al., 2018a). The stability of the precessional period
supports the slaved disc model for SS433 (Davydov
et al., 2008; Cherepashchuk et al., 2018a). The stability
of the orbital period suggests a large binary mass ra-
tio q = Mx/Mv & 0.6, where Mx and Mv is the mass
of the compact object and the optical star, respectively
(Cherepashchuk et al., 2018b).
Although SS433 has been studied for about 40 years,
the main issue about the nature of the compact object
(neutron star or black hole) remains unsolved. The
presence of absorption lines in the optical spectrum
of SS433 (Gies et al., 2002; Hillwig and Gies, 2008)
suggests the massive donor star spectral class ∼ A7Ib.
By assuming that these lines are formed in the optical
star photosphere, from the observed Doppler shift of
these lines Hillwig and Gies (2008) estimated the bi-
nary mass ratio q ' 0.3 ± 0.11 and obtained the compo-
nent masses Mx = 3.3 ± 0.8 M, Mv = 12.3 ± 3.3 M,
which suggests a black hole nature of the compact ob-
ject. Later careful spectroscopic observations of SS433
by the Subaru and Gemini telescopes (Kubota et al.,
2010a) led to similar estimates but does not excluded
a heavy neutron star. Based on the optical star mass es-
timate Mv = 8.3 − 12.5 M obtained for the assumed
distance to SS433 and using the binary mass ratio q =
0.15 as derived from the analysis of 2-10 keV X-ray
eclipses (Kotani et al., 1998; Brinkmann et al., 1989;
Kawai et al., 1989), Goranskij (2011) concluded that
the compact object in SS433 is a neutron star.However,
the small q found in these papers in the model of the
optical star with sharp limb filling its Roche lobe can
be questioned. There are both theoretical (Pavlovskii
and Ivanova, 2015; Pavlovskii et al., 2017) and obser-
vational (Filippova et al., 2006; Cherepashchuk et al.,
2009) evidences that the optical star in SS433 can sta-
bly overfill its Roche lobe for a long time so that the
2-10 keV eclipse of the relativistic jets cannot be con-
sidered as a purely geometrical screening by the Roche
lob-filling donor star. Therefore, the estimate q ' 0.15
derived from X-ray observations should be considered
as a lower limit only (Cherepashchuk et al., 2018b).
INTEGRAL observations of SS433 in hard X-rays
discovered a hot quasi-isothermal ’corona’ above the
supercritical accretion disc (Cherepashchuk et al., 2005,
2007). These observations also revealed a peculiar vari-
ability of the form of and width of the primary X-ray
eclipse suggesting its being not a purely geometric. A
joint analysis of the eclipse and precessional hard X-
ray light curves in the model of Roche-lobe filling opti-
cal star yielded the estimate q ∼ 0.3 − 0.5. Taking the
most likely value q ' 0.3 and the assumed optical star
mass function fx(M) = 0.268 M (Hillwig and Gies,
2008), the masses of the binary components in SS433
were estimated to be Mx = 5.3 M, Mv = 17.7 M
(Cherepashchuk et al., 2013).
New spectroscopic observations of SS4333 on large
telescopes put in doubt the correctness of the optical star
spectral class estimate due to strong effects of selective
absorption in the powerful stellar wind from the super-
critical accretion disc and in a circumbinary gas shell
(Blundell et al., 2008; Bowler, 2013, 2018). Clearly, the
binary mass ratio and the nature of the compact object in
SS433 should be precised further from different studies.
Here we highlight the results of the analysis of hard
X-ray light curves and spectra of SS433 obtained during
decade observations by INTEGRAL.
2. Hard X-ray spectra at different phases of preces-
sional and orbital variability.
First observations of SS433 by INTEGRAL discov-
ered for the first time a significant 20-100 keV X-ray
flux from SS433 (Cherepashchuk et al., 2003). Sub-
sequent INTEGRAL pointings enabled us to study the
eclipsing and precessional variability of the source in
hard X-rays (Cherepashchuk et al., 2013). In total,
seven sets of dedicated observations were performed
from 2003 to 2011. SS433 was mainly observed close
to the primary minimum orbital phases when the accre-
tion disc is seen maximal open to the observer (the pre-
cessional phase ψprec = 0.0 corresponding to the mo-
ment T3 of the maximum separation of moving emis-
sion lines, see Cherepashchuk (1981b)). In some cases
(Cherepashchuk et al., 2007) the object was observed
at other precessional phases, including those around the
moments of the moving emission line cross-over (see
Table 1 and Fig. 1 ).
(Cherepashchuk et al., 2009, 2013) showed that 18-
60 keV INTEGRAL spectrum of SS433 keeps its shape
at different orbital and precessional phases whereas the
X-ray flux from the source varies on average by a factor
2
Table 1: Dedicated INTEGRAL observations of SS433 primary
eclipses at precessional phases with maximum accretion disc open-
ing
Set INTEGRAL orbits Dates Prec. phase ψpr
I 67-70 May 2003 0.001-0.060
II 555-556 May 2007 0.980-0.014
III 608-609 October 2007 0.956-0.990
IV 612-613 October 2007 0.030-0.064
V 722-723 September 2008 0.057-0.091
VI 984 November 2010 0.870-0.890
987 November 2010 0.930-0.940
VII 1040-1041 April 2011 0.910-0.950
Figure 1: Primary eclipses of SS433 near precession phase zero ob-
served by INTEGRAL. 18-60 keV IBIS/ISGRI fluxes obtained in in-
dividual 2 ks INTEGRAL science windows are shown.
∼ 3 − 4 (see Fig. 2). This suggests that the hard X-
ray emission is mainly produced not by relativistic jets1,
in which the temperature of thermal plasma rapidly de-
creases from the jet base, but in a quasi-isothermal ex-
tended ’corona’ surrounding the supercritical accretion
disc. The 18-100 keV X-ray spectrum of the corona can
be fit by power-law dN/dE/dt/dS ∼ e−Γ with the mean
photon index Γ ≈ 3.8 for different orbital and preces-
sional phases. A more sophisticated spectral analysis
reveals (see Fig. 2) a slight spectral hardening at orbital
phases φorb = 0.25 (corresponding to interval V ,in Fig.
2 Γ = 3.76 ± 0.06) relative to the phase φorb = 0.5 (cor-
responding to interval I in Fig. 2, Γ = 3.86 ± 0.05). In
addition, in the middle of the X-ray eclipse (φorb = 0
corresponding to interval III in Fig. 2) the spectrum be-
comes softer Γ = 3.92 ± 0.14, although this conclusion
is tentative due to large errors. Cherepashchuk et al.
(2013) suggested these fine effects with marginal sig-
nificance might reflect the presence of a hot plasma in
a conical funnel around relativistic jets with an opening
angle of ∼ 120o. Due to the accretion disc nutation (the
nutation angle is ∼ 6o, Margon (1984)), the funnel is
seen by different angles which can result in variability
of the relative fraction of the hard X-ray emission lead-
ing to the change in the spectral hardness. The same
effect can be due to partial eclipse of the funnel by the
optical star.
We stress that the reliable detection of the 6.29-d
nutational variability with 10-20% amplitude in SS433
(Cherepashchuk et al., 2013) additionally supports the
mechanism of hard X-ray formation not in the rela-
tivistic jets but in an extended corona above the ac-
cretion disc that keep pace with both precessional and
nutational motion of the disc. Thus, the X-ray emis-
sion region in SS433 includes two components (An-
tokhina et al., 1992; Cherepashchuk et al., 2003, 2005,
2009, 2013; Fabrika, 2004; Filippova et al., 2006): a
thermal relativistic jet propagating through a conical
funnel with opening angle ∼ 120o from the center of
the supercritical accretion disc, and a rarefied high-
temperature scattering plasma filling this funnel (the
corona). Krivosheyev et al. (2009) showed that the ob-
served 3-100 keV emission of SS433 can be described
by a two-component model including thermal radiation
from the jets (which is responsible for soft X-ray emis-
sion) and Comptonized radiation from the hot corona
forming hard X-ray spectrum. The temperature of the
corona was found to be Tcor ≈ 20 keV, the Thomson
1The relativistic beaming effect due to the precessional and nu-
tational motion of relativistic jets provides minor contribution to the
hard X-ray flux variability.
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Figure 2: Phase-resolved IBIS/ISGRI spectra of SS433 within se-
lected orbital phase intervals I-V from Fig. 6. 1-σ errors are shown.
optical depth τT ≈ 0.2, the mass-loss rate through the
jets M˙ j ' 3 × 1019g s−1 (3 × 10−7M yr−1). The elec-
tron number density in the corona was assumed to be
ne ' 5×1012 cm−3, corresponding to wind outflow with
the velocity ∼ 3000 km s−1 from the supercritical accre-
tion disc with a rate of ∼ 10−4M yr−1 at a distance of
∼ 1012 cm from the disc center where the optically thick
photosphere is formed in the wind (Fabrika, 2004). The
disc photosphere size was independently estimated from
the analysis of fast optical variability of SS433 (Burenin
et al., 2011).
This model of the hard X-ray source was used to de-
scribe the orbital and precessional X-ray light curves of
SS433 observed by INTEGRAL.
3. Precessional variability
Precessional light curves were constructed using all
dedicated pointings and publically available off-eclipse
INTEGRAL observations of SS433 when the source
fell within the field of view of the INTEGRAL instru-
ments (. 13o) with a total exposure time of ∼ 8.5 Ms.
To analyze the precessional variability, each off-eclipse
pointing with an exposure time of ∼ 2 − 5 ks was as-
signed with the corresponding precession phase. The
orbital and precessional phases were calculated using
the ephemeris from Fabrika (2004):
Figure 3: Off-eclipse and mid-eclipse precessional 18-60 keV light
curves (upper thin crosses and thick red crosses, respectively).
1. The orbital eclipse minimum correspond-
ing to the orbital phase φorb = 0 when the
optical star is in front of the accretion disc:
JDmin(hel)=2450023.62+13d.08211·E
2. The zero precession phase corresponding to the
T3 moment of the maximum separation of the moving
emission lines (ψprec = 0, the disc is maximum open for
the observer) JDmax(hel)=2443507.47+162d.375·E1.
With an account of the distance to SS433 5.5 kpc
(Fabrika, 2004), the observed 18-60 keV luminosity at
maximum is 3 × 1035erg s−1.
Precessional off-eclipse (0.2 < φorb < 0.8) and mid-
eclipse (0.95 < φorb < 1.05) light curves of SS433 are
shown in Fig. 3. Clearly, the off-eclipse precessional
variability is very reliable and remains stable during
many precessional periods. The maximum flux from
SS433 (∼ 20 mCrab) is observed at the the preces-
sional phase ψprec ' 0, the minimum flux (the upper
limit of minimum flux is ∼ 2− 3 mCrab) is measured at
ψ1prec ' 0.34 and ψ2prec ' 0.66, roughly corresponding to
the cross-over moments when the disc is seen edge-on.
A secondary maximum with a flux of ∼ 5 − 6 mCrab is
seen at precessional phases ψprec ' 0.5 − 0.6. Thus, the
flux in the primary and secondary maximum of the pre-
cessional light curve changes by a factor of ∼ 7 and ∼ 2,
respectively. In the X-ray eclipse minimum, no signifi-
cant precessional variability was detected (Fig. 3).
To analyze the spectral dependence of the preces-
sional variability, the broadband 18-60 keV interval was
split into two bands: 18-40 keV and 40-60 keV. Fig. 4
shows the corresponding precessional off-eclipse light
curves and the dependence of the spectral hardness on
4
Figure 4: Precessional 18-40/40-60 keV light curves (upper panel)
and the spectral hardness ratio (bottom panel). Orbital eclipses are
excluded.
the precessional phase. No clear dependence of the X-
ray hardness on the precessional phase is seen. Relative
precessional variability amplitude is higher in the 40-60
keV band than in 18-40 keV band. This effect, as well as
the monotonic increase of the X-ray eclipse depth with
energy, was first noted in (Cherepashchuk et al., 2005).
The increase in the precessional and orbital variability
amplitude with photon energy reflects the decrease in
the size of X-ray emitting region, the 40-60 keV emit-
ting region being most compact and without any con-
tribution of thermal radiation from relativistic jets. The
hard X-ray precessional variability enables us to con-
strain the characteristic ’vertical’ size of the emission
region (normal to the accretion disc plane) while the or-
bital variability constrains the ’horizontal’ size of the
emission region. Thus, such a two-dimensional ’tomog-
raphy’ of the disc corona by the precessional and or-
bital light curves enabled us to obtain independent con-
straints on the binary system parameters including the
component mass ratio in SS433 (Cherepashchuk et al.,
2009, 2013).
4. Orbital light curves
To construct the mean orbital light curve of SS433
we have used dedicated observations carried out mainly
around the precessional phase ψprec = 0 when the accre-
tion disc is maximum open. The hard X-ray light curve
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Figure 5: Composite IBIS/ISGRI 18-60 keV X-ray eclipse light curve
around precessional phase zero (0.08 < ψprec < 1.2) for observations
from Table 1.
convolved with the orbital period is shown in Fig. 5.
The IBIS/ISGRI INTEGRAL data were analyzed using
the software elaborated at IKI by E.M. Churazov (see
Molkov et al. (2004) and references therein).
Individual observations of SS433 show that the or-
bital light curve of the source is strongly variable. For
example, in May 2007 (see Fig. 1) the X-ray eclipse
width is much wider than on average, whereas in Octo-
ber 2007 the X-ray width was observed to have average
width. Strong variations of the X-ray eclipse width may
suggest that the egress from the eclipse is distorted due
to absorption of the X-ray emission by strongly inho-
mogeneous gas flows from the donor star and by the
powerful asymmetric wind from the precessing super-
critical accretion disc. Additional absorption can be
also produced by a dense region of interacting stellar
winds from the donor star and the supercritical accre-
tion disc (Cherepashchuk et al., 1995). Thus, following
Cherepashchuk et al. (2009), in our modelling of the
X-ray eclipse to infer the SS433 binary parameters, we
will use the most stable ingress part of the X-ray or-
bital light curve that apparently is less subjected to the
absorption effects discussed above. Besides, the nuta-
tional variability of SS433 with a period of ∼ 6.29 d
and an amplitude of ∼ 20% of the non-eclipsed flux
discovered in 18-60 keV (Cherepashchuk et al., 2013)
can additionally distort the eclipse form. The nutational
5
Figure 6: Binned 18-60 keV IBIS/ISGRI light curve (∆φorb = 0.02)
with orbital phase intervals I-V selected for spectral analysis (vertical
dashed lines).
sine-like variability is seen in Fig. 5 as a continuation
of the egress part of the orbital light curve. At the pre-
cessional phase close to T3 moments considered here,
the ingress part of the light curve is observed to be less
subjected to the nutational variability.
When constructing the mean light curve we have av-
eraged the X-ray fluxes inside phase intervals ∆φorb =
0.02, which increased the signal-to-noise ratio. Here we
omitted the May 2007 observations in which an anoma-
lously wide X-ray eclipse was observed. The mean or-
bital 18-60 keV light curve is presented in Fig. 6 (bars
show 3σ-errors). The mean X-ray flux in the X-ray
eclipse minimum can be non-zero (the upper limit about
2 mCrab), possibly due to the contribution of the radia-
tion scattered in the disc wind.
Phase intervals I-V in which spectral analysis was
performed are noted (see Fig. 2). As noted above, spec-
tra calculated for phases I-V do not differ significantly
although some spectral hardening with increasing X-ray
flux can be noticed. More reliable spectral changes with
orbital phase could probe the structure of the hard X-
ray emitting region (see, for example, the discussion in
Filippova et al. (2006) and Krivosheyev et al. (2009)).
The mean orbital light curves of SS433 in 18-40 keV
and 40-60 keV bands are presented in Fig. 7. Here also
we show the dependence of the X-ray spectral hardness
on the orbital phase, which is not significant despite the
flux change by an order of magnitude. In these light
curves, the nutational variability at phases 0.25-0.75 is
clearly visible. Note that thermal radiation from rela-
tivistic jets virtually does not contribute to the orbital
Figure 7: IBIS/ISGRI 18-40 and 40-60 keV orbital light curves (the
upper and lower curves, respectively, on the upper panel) with the
spectral hardness ratio (bottom panel).
40-60 keV X-ray light curve.
5. Geometrical model of SS433
INTEGRAL observations of SS433 can probe the pa-
rameters of this unique binary system using three inde-
pendent light curves.
1. Precessional off-eclipse 18-60 keV light curve and
corresponding 18-40 keV and 40-60 keV light curves
(see Figs. 3, 4).
2. Precessional light curve in the middle of eclipse by
the donor star (Fig. 3).
3. Orbital 18-60 keV light curve (Fig. 6) and 18-40
keV and 40-60 keV light curves (Fig. 7).
To model the observed X-ray light curves, we have
used a geometrical model described in detail in An-
tokhina et al. (1992); Cherepashchuk et al. (2005, 2009,
2013). We consider a close binary system consisting of
an opaque and X-ray dark donor star filling or overfill-
ing its Roche lobe and a relativistic object surrounded
by an optically and geometrically thick supercitical ’ac-
cretion disc’ inclined to the orbital plane by the angle
θ ≈ 20o. The ’accretion disc’ includes a proper disc and
an extended photosphere formed by outflowing wind.
The disc precesses with a period of 162.3 d.
The opaque and X-ray dark disc body (see Fig. 8)
is characterized by radius rd and half-opening angle ω.
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Figure 8: Geometrical model of the accretion disc and its corona.
The central relativistic object is surrounded by an opti-
cally thin X-ray emitting spheroidal ’corona’ with semi-
axes a j and b j. The visible radius of the ’corona’ r j is
determined by the parameter combination a j, b j, ω. De-
pending on the ratio b j/a j, this structure can be viewed
as either oblate ’corona’ (b j/a j < 1) or (non-relativistic)
prolate ’jet’ (b j/a j > 1). The parameters rd, a j, b j
and r j are in units of the relative orbit radius a. The
size of the donor star is limited either by the inner La-
grangian surface (the Roche lobe) (passing through the
inner Lagrangian point L1) or outer Lagrangian surface
(passing through the Lagrangian point L2). These sizes
are uniquely determined by the component mass ratio
q = Mx/Mv, where Mx and Mv is the mass of the rela-
tivistic object and the donor star, respectively. The bi-
nary orbit inclination i ' 79o and disc tilt θ are fixed
from the analysis of the moving emission line kinemat-
ics.
In our model, only the corona radiates in hard X-
rays (18-60 keV) while the donor star and the disc are
opaque and screen the corona during the orbital and pre-
cessional motions. In the precessional motion, the disc
inclination angle to the line of sight changes and the in-
ner corona is screened differently by the outer parts of
the accretion disc. Thus, the modelling of the preces-
sional light curve enable us to obtain a ’vertical scan’
of the corona probing the parameters b j and ω. On
the other hand, the modelling of the orbital light curve
yields a ’horizontal scan’ of the corona (in the accre-
tion disc plane) enabling the estimate of the parameters
q, rd, ω and a j, b j. A joint analysis of the precessional
and eclipsing variabilities hence enable us to probe the
spatial structure of the corona in the central parts of the
disc where the hard X-ray emission is formed.
The orientation of the system relative to the observer
is described by the orbital phase angle (the orbit is as-
sumed to be circular), as well as by the orbital inclina-
tion angle i ' 79o, the accretion disc inclination angle
to the orbital plane θ ' 20o and the precessional phase
ψprec. Here the zero precessional phase ψprec = 0 cor-
responds to the moment of the maximum disc opening
0.6 0.8 1 1.2
0
0.5
1
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0
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Figure 9: The primary X-ray eclipse of SS433 in the 18-60 keV en-
ergy band. IBIS/ISGRI data (May 2003). Upper panel: X-ray light
curve averaged over 20000 s (10 INTEGRAL science windows, SCW)
superimposed on the simultaneously obtained V optical photometric
lightcurve (Crimea, SAO). Bottom panel: the same hard X-ray eclipse
light curve averaged over 10000 s (5 SCW) super-imposed on the
Ginga 4.6-27 keV eclipse (filled circles; from Kawai et al. (1989),
Yuan et al. (1995)) taken at about the same precession phase. The
INTEGRAL data is the same in both panels, but the averaging is dif-
ferent.
to the observer (the moment T3 of the maximum sepa-
ration of the moving emission lines, see Cherepashchuk
(1981b)). At precessional phases ψprec = 0.34 and 0.66
the disc is observed edge-on (the cross-over moments
T1 and T2 for the moving emission lines, respectively).
5.1. Justification of an extended emission region
(corona) in SS433
There are observationally motivated physical grounds
for the existence of a hot ’corona’ above the accretion
disc center.
1. The precessional and orbital independence (within
the measurement errors) of hard X-ray 18-60 keV spec-
tra of SS433 in spite of an order or magnitude changing
in X-ray flux. In the 2-10 keV X-ray band, the thermal
X-ray emission from relativistic jets dominates. The
temperature of plasma strongly decreases along the jets,
and significant softening of X-ray spectrum is observed
during the eclipse (see, for example, (Filippova et al.,
2006)).
2. The 18-60 keV X-ray eclipse by the donor star
is wider than 4.6-27 keV eclipse (Kawai et al., 1989;
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Yuan et al., 1995) (see Fig. 9. The increase in the X-
ray eclipse width with photon energy is unique property
of SS433 suggesting that the characteristic size of the
emitting region in harder X-ray band increases and not
decreases, as observed in ordinary (not superaccreting)
X-ray binaries.
3. The discovery of hard X-ray nutational variability
in SS433 (Cherepashchuk et al., 2013) also suggests that
the hard X-ray emission is formed not in the relativistic
jets but in an extended hot corona that precesses and nu-
tates coherently with the disc. The hard X-ray flux vari-
ability due to relativistic beaming in SS433 with bulk
velocity v ≈ 0.26c can be ∼ 15% and up to 100% for
nutational and precessional motion of one jet, respec-
tively. However, as in the 18-60 keV band the thermal
emission of jets base with kT ≈ 20 keV (Krivosheyev
et al., 2009) should show exponential cut-off, the contri-
bution of the jet thermal emission is insignificant com-
pared to the corona with Lx ∼ 5 × 1035erg s−1. There-
fore, we can neglect the relativistic beaming effects and
consider the observed hard X-ray precessional and nuta-
tional variability as being due to geometrical screening
of the corona by the accretion disc body.
The hot corona can be produced by the collisions of
the supercritical accretion disc wind inhomogeneities
with the relativistic jets (Begelman et al., 2006). A disc
corona can also be formed by convective motions of
acoustic waves in the disc (Bisnovatyi-Kogan and Blin-
nikov, 1976, 1977) or due to magnetic field dissipation
(Galeev et al., 1979). A detailed modelling of the broad-
band 3-90 keV spectrum of SS433 by emission from
accretion disc, relativistic jets an hot corona was carried
out by Krivosheyev et al. (2009).
The presence of the hot extended region emitting in
hard X-ray in the center of the accretion disc was inde-
pendently inferred from excess of hard X-ray emission
found in Suzaku observations of SS433 (Kubota et al.,
2010b).
Recently, Middleton et al. (2018) reported NuSTAR
3-60 keV observations of SS433 and proposed a model
of the supercritical accretion disc with the central cone-
like ’walls’ formed by the radial wind outflow. In
this model, the hard X-ray emission is not relativis-
tically beamed and is formed in the central extended
region of the disc by scattering of accretion-generated
hard X-ray photons on the ’walls’. Although the physi-
cal generation mechanism of hard X-ray radiation with
kT ∼ 20 − 40 keV in this case differs from that ex-
plaining the presence of the hot extended ’corona’ used
in our model, this does not affect our geometrical in-
terpretation of the precessional and orbital variability of
SS433, which is based upon screening of an extended
emission region by precessing disc and opaque optical
star.
5.2. Justification of stable Roche lobe overfilling by the
donor star in SS433
In (Cherepashchuk et al., 2013), a joint interpretation
of the orbital and precessional hard X-ray variability of
SS433 was performed using the geometrical model of
accretion disc with hot extended corona and the likely
estimate of the component mass ratio in SS433 was ob-
tained, q = 0.3÷0.5. The optical star was assumed to fill
its Roche lobe and to transfer mass onto the relativistic
object through the inner Lagrangian point L1.
Recently, detailed hydrodynamical simulations
through the inner Lagrangian point L1 appeared
(Pavlovskii and Ivanova, 2015; Pavlovskii et al., 2017)
to show that when treating the mass transfer through a
de Laval nozzle at L1, the mass transfer rate is restricted
by gasdynamic and thermodynamic effects, and the
donor star can stably overfill its inner Roche lobe and
even provide mass transfer through the outer L2 point.
The uniqueness of SS433 as a massive X-ray binary
system at the final stage of the secondary mass trans-
fer is that despite the donor star overfills its Roche lobe,
no common envelope stage ensures (as predicted by the
theory of close binary system evolution, e.g. Masse-
vich and Tututkov (1988)). The system remains being
semi-detached. In this case, the mass and angular mo-
mentum outflow from the system is mediated by the
formation of a supercritical accretion disc around the
relativistic object with a powerful wind outflow (vw '
2000 km s−1, M˙w ' 10−4M yr−1) and relativistic jets
(v j ≈ 80000 km s−1, M˙ j ' 10−6 ÷ 10−7M yr−1).
The peculiar properties of SS433 were recently an-
alyzed by van den Heuvel et al. (2017). The authors
concluded that if the donor star with radiative envelope
in a massive X-ray binary system starts filling its inner
Roche lobe and the binary mass ratio is q = Mx/Mv &
0.29, the formation of the common envelope can be
avoided. The system evolves as a semi-detached binary
with fast but stable overfilling of its Roche lobe. In this
case the matter transferred from the donor star through
the inner Lagrangian point L1 is expelled from the vicin-
ity of the relativistic object (the so-called isotropic re-
emission mode, or ’SS433-like’ mode of mass loss).
Oppositely, if q . 0.29, the massive X-ray binary in-
evitably plunges into a common envelope during the
secondary mass transfer episode. In this case, depend-
ing on the initial orbital angular momentum, either a
very close WR+BH system (like Cyg X-3) or a Thorne-
Zytkow object (Thorne and Zytkow, 1977) is formed.
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The authors stress that if the relativistic object is a neu-
tron star, the binary mass ratio is likely to be much
smaller than 0.29, and the binary should evolve via the
common envelope stage with the most likely formation
of a Thorne-Zytkow object (unless the orbital period at
the beginning of the mass transfer is longer than about
100 d). Recently, a red giant candidate for Thorne-
Zytkow objects was reported (2014) based on chemical
abundance anomalies Levesque et al. (2014),
Thus, both gasdynamic and evolutionary considera-
tions do not exclude the possibility that the donor star in
SS433 can significantly overfill its Roche lobe. There-
fore here we performed the modelling of precessional
and orbital X-ray light curves of SS433 by assuming
that the donor star in SS433 fills its outer critical Roche
lobe passing through L2 point. Strictly speaking, when
the mass transfer from the optical star occurs through
the L1 point and the star fills its outer Roche lobe, the
shape of the star can deviate from equipotentials cal-
culated in the classical Roche model. Moreover, the
precessional motion of the donor as suggested by the
slaved disc model in SS433 might additionally disturb
the shape of the outer parts of the star thus promoting
the inner Roche lobe overflow. The star should ’plump’
predominantly in the direction normal to the line con-
necting centers of the binary components by keeping a
relatively narrow ’neck’ near the L1 point. However, as
we consider only phases of eclipse of the accretion disc
by the optical star where the L1 point is screened by
star’s body, in the first approximation we can treat the
shape of the eclipsing star as being limited by the outer
critical Roche lobe passing through the L2 point. In this
case, complicated gasdynamic effects near the L1 point
does not affect the results of interpretation of the eclipse
of the central parts of accretion disc with hot corona by
the donor star.
6. Parameters of SS433 from the analysis of orbital
and precessional light curves obtained by INTE-
GRAL
6.1. Model with exact Roche lobe filling by the donor
star
Here we briefly describe the results of the joint mod-
elling of the precessional and orbital light curves of
SS433 carried out in (Cherepashchuk et al., 2013) by the
model of SS433 including a supercritical accretion disc
with hot corona and a donor star exactly filling its inner
Roche lobe (see Fig. 10). The binary inclination angle
was fixed at 78o.8 and the accretion disc tilt to the orbital
plane was fixed at θ = 20o.3 from independent measure-
ments. The fitting parameters were q, rd, ω, a j, b j (see
Figure 10: Model view of SS433 for binary mass ratio q = 0.3 is
shown at the disc precession angle 20 degrees. Thin jets normal to the
disc plane are shown but their contribution to hard X-ray emission is
ignored.
Fig. 8). The weighted sum of deviations between the
observed and model light curves (precessional and or-
bital) was used as the residual. The minimization of
the residual functional was performed using the sim-
plex algorithm (Nelder and Mead’s method) (Nelder and
Mead, 1965; Kallrath and Linnell, 1987).
The results of the joint analysis of the orbital and pre-
cessional 40-60 keV light curves to which thermal X-
ray emission from relativistic jets can be neglected are
shown in Fig. 11 a,b,c. These results fully confirm our
earlier analysis (Cherepashchuk et al., 2009).
Fig. 11 suggest that although the eclipsing light curve
alone can be well fitted assuming a low binary mass
ratio q ∼ 0.1 in the model with ’long’ thin X-ray jet
(b j & 0.5), the corresponding precessional light curve
cannot be reproduced for q . 0.25 (see Fig. 11 a) be-
cause the precessing opaque accretion disc screens only
small part of the long thin X-ray jet. On the other hands,
a model with ’short’ X-ray jet, while enabling good de-
scription of the precessional light curve for q ∼ 0.1,
is unable to fit the orbital eclipse. In the latter case,
the ’short’ thin jet is fully eclipsed by the donor star re-
sulting in a noticeable plateau at the eclipse minimum,
contrary to what is actually observed (Fig. 11 b). For
q = 0.3 both orbital and precessional light curves can
be well fitted (Fig. 11 c).
Fig. 12 (upper panel) shows the χ2 residuals for the
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(a)
(b)
(c)
Figure 11: Joint analysis of orbital (upper plots) and precessional
(lower plots) 40-60 keV IBIS/ISGRI light curves of SS433. Panel
(a): q = 0.1, long jet corona (a j = 0.25, b j = 0.55, ω = 80o); only
orbital light curve can be reproduced. Panel (b): q = 0.1, short jet
corona (a j = 0.25, b j = 0.1, ω = 80o). Both orbital and precessional
light curvs can be fitted, but the total eclipse (plateau at zero flux) ap-
pears (unobserved). Panel (c): q = 0.3, short jet corona (a j = 0.35,
b j = 0.13, ω = 80o); both orbital and precessional light curves are
well reproduced.
orbital 18-60 keV light curve minimized for all param-
eters but q, as a function of the mass ratio q. The model
parameters provide good fitting to the precessional light
curve (see Fig. 11 b, c, bottom panel). Fig. 12 sug-
gests that the best joint fit of the orbital and preces-
sional light curves in the model of the precise filling of
the Roche lobe by the optical donor star is obtained for
0.3 . q . 0.5.
Note that the estimate 0.3 . q . 0.5 derived from the
modeling of hard X-ray light curves is consistent with
that obtained earlier from the modeling of optical orbital
and precessional light curves of SS433 (Antokhina and
Cherepashchuk, 1987).
6.2. Model with the donor star inner Roche lobe over-
flow
As mentioned above, the huge mass transfer rate in
SS433 from the donor star (M˙v ∼ 10−4M yr−1) occur-
ring most likely in the thermal time-scale may result in
a significant overflow of the inner Roche lobe by the op-
tical star. In this case, it is reasonable to assume that the
size of the star is bounded by the outer Roche lobe pass-
ing through the L2 point 2. The possibility of mass out-
flow through the L2 point in SS433 binary system was
first suggested by Fabrika (1993) from spectral analysis.
As in the case of exact Roche lobe filling by
the donor star described in the previous Section 6.1
(Cherepashchuk et al., 2013), we have used a model of
precessing accretion disc with hot corona (see Fig. 8)
and fixed the binary inclination angle i = 78o.8 and ac-
cretion disc tilt θ = 20o.3 as derived independently from
the analysis of moving emission lines in the SS433 spec-
trum. The model parameters included rd, ω, a j, b j and q.
Assume that the form of the optical star in SS433
is bounded by one of the equipotentials in the Roche
model. The inner Lagrangian and outer Lagrangian sur-
faces passing through the inner and outer Lagrangian
points L1 and L2 correspond to the Roche potential Ωin
and Ωout, respectively. Equipotential surfaces locating
between the inner and outer critical surfaces can be
labeled by the potential Ω. It is convenient to intro-
duce the degree of contact parameter (Lucy and Wilson,
1979):
f =
Ω −Ωin
Ωout −Ωin . (1)
2Strictly speaking, the star’s surface tending to be bounded by
an appropriate equipotential surface should strongly deviate from the
Roche model in the vicinity of the L1 point where powerful outflow
forms a thick ’neck’ transforming into the gas stream. However, ex-
act structure of this complicated region is of minor importance for our
geometrical modeling of the X-ray eclipse.
10
Figure 12: χ2 residuals for model orbital light curves (18-60 keV) for
different mass ratio q and Roche lobe overfilling factor f = 0, 0.5, 1.
The dashed line indicates the minimal χ2 for f = 1. Red open circles
shows χ2 residuals for the model with f = 1 with taking into account
of the ’third light’ in the system with a flux of ' 2 mCrab as derived
from the precessional light curve (see Fig. 3).
Clearly, the inner and outer Lagrangian surfaces corre-
spond to f = 0 and f = 1, respectively, and in between
these critical surfaces 0 ≤ f ≤ 1.
By assuming the size of the star exceeding the inner
Lagrangian surface, we performed the modeling of or-
bital 18-60 keV light curves of SS433 for different mass
ratios q. In (Cherepashchuk et al., 2013) and Section
6.1 above we used the model with f = 0. Now con-
sider the case with f = 0.5 and f = 1. Fig. 12 shows
best-fit χ2 for the model 18-60 keV orbital light curves
for different q for parameters providing good model fit
to the observed precessional light curve. Fig. 12, as
the earlier modeling (Cherepashchuk et al., 2013), dis-
favours low binary mass ratios q < 0.3. In the new mod-
eling, χ2 significantly decreased for q > 0.5, especially
for the optical star filling the outer Lagrangian surface
( f = 1). This result is understandable because the in-
creased size of the optical star led to the primary eclipse
width increase and therefore for q > 0.5 the model light
curves well fit observations. Somewhat unexpected was
the fact that for the maximum star size ( f = 1) the
χ2 values decrease for larger q, and even for q = 1
the orbital eclipse width is in agreement with observa-
tions (the earlier analysis has implied that for f = 0 the
model primary eclipse is noticeably narrower than the
observed one). This effect gets more pronounced for
large q while for low q the difference between χ2 of the
residuals in both models is comparatively small. To un-
derstand more clearly the results, in Fig. 13 we show
polar radii of the inner and outer Lagrangian surfaces as
a function of the binary mass ratio q.
With increasing q, the size of the inner Lagrangian
surface (and correspondingly of the Roche lobe-filling
star) decreases, the polar radii Rinpole decreases. The
polar radius of the outer Lagrangian surface Rpoleout also
decreases with q, however, somewhat slower. Thus,
Routpole is significantly larger than R
in
pole (see also Tables in
Plavec and Kratochvil 1964). As a result, the strong rel-
ative size increase of the star filling the outer Lagrangian
surface results in a significant increase in width of the
model orbital eclipse for q ∼ 0.8 − 1. This causes the
monotonic decrease of the χ2 residuals (Fig. 12, bottom
panel) with increasing q for the case f = 1. Fig. 14
presents the observed and model orbital light curve for
f = 0 and f = 1 and the same model parameters with
q = 0.8 which best fit the precessional light curve. It is
seen that the model eclipse width for q = 0.8 is larger
for the star filling the outer Lagrangian surface ( f = 1)
than for the canonical case of the star filling the inner
Lagrangian surface (the Roche lobe, f = 0).
We should note that the corresponding minimal val-
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Figure 13: The polar radius of the inner (Rpolein ) and outer (R
pole
out ) La-
grangian surfaces and their relative difference ∆R as a function of the
mass ratio q.
Figure 14: The model eclipse light curve (the solid line) in the case
f = 0 (upper panel) and f = 1 (bottom panel) for q = 0.8 with other
model parameters corresponding to the best fit of the precessional X-
ray light curve.
ues of the reduced χ2 in all cases ( f = 0, 0.5, 1) are
much larger than unity. This means that our purely geo-
metrical model does not fit observational data fully ad-
equately, which can be due to complexity of physical
processes in SS433. Nevertheless, the χ2 minimum can
point to the optimal values of the model parameters. The
minimum of the χ2 residuals was used to constrain the
admissible mass ratio interval. As above, the minimiza-
tion of the residuals for the orbital light curve for fixed
q was performed only for the parameters rd, ω, a j, b j en-
abling good fit to the off-eclipse and mid-eclipse preces-
sional light curves of SS433 (see Fig. 3).
As in the previous case ( f = 0), for low binary mass
ratios q ∼ 0.1 − 0.2 the orbital X-ray eclipse can be sat-
isfactorily reproduced only in the model of a thin long
X-ray jet (b j & 0.5), but the model amplitude of the pre-
cessional variability turns out to be much smaller than
observed. At the same time, by demanding the preces-
sional light curve to be well described for low q, the
model of a short thin jet predicts the appearance of a
noticeable mid-eclipse plateau, which is not observed.
As a result, only for q & 0.4 we are able simultane-
ously model both precessional and orbital light curve.
As seen from Fig. 12, for f = 1 the minimum of the
residuals is reached for q & 0.8. In this Figure, the
dashed line shows the minimum χ2 for the case f = 1
where theoretical star fills the outer Lagrangian surface
(χ2 ' 75). In other cases ( f = 0.5, 0) the minimum χ2
residuals are significantly larger than 75. The optimal
mass ratio q corresponding to the minimum χ2 residu-
als are q ≈ 0.4, 0.6, 0.8 for f = 0, 0.5, 1, respectively.
We stress once again that for small binary mass ratios
around q ' 0.1 the χ2 residuals increase because in or-
der to well fit the precessional light curves, the model
orbital light curve demonstrates a noticeable plateau at
the eclipse minimum, which is not observed. At large
mass ratios q ' 1, by requiring a good fit to the pre-
cessional light curve, the model orbital light curve for
f = 0 and f = 0.5 demonstrates a narrower eclipse
width than observed. Thus, our joint analysis of the
precessional and orbital X-ray light curves of SS433 en-
ables us to choose the optimal binary mass ratio q =
Mx/Mv ≥ 0.4 − 0.8.
The precessional off-eclipse X-ray 18-60 keV light
curve of SS433 (Fig. 3) suggests that at the ’cross-
overs’ when the disc is observed edge-on, the flux from
the system does not vanishes reaching a minimal value
of ' 2 mCrab. As noted above, this value 2 mCrab
should be considered as an upper limit only for the mini-
mum X-ray flux detected by the INTEGRAL telescopes
(in this case, calibration detector errors could lead to a
systematic error). Nevertheless, to check the stability of
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our mass ratio estimate q > 0.3, it seems reasonable to
consider some generalization of our geometrical eclips-
ing model of SS433.
It is possible to assume that there is additional non-
eclipsed ’third light’ which may be due scattering of
hard X-ray emission in the extended disc wind outflow.
Therefore, we have performed additional modeling of
the 18-60 keV orbital light curve with an account of the
2 mCrab ’third’ non-eclipsed component. The results
for the case f = 1 are shown in Fig. 12 by open red cir-
cles. Clearly, the residuals decrease in this case, how-
ever, as before, the mass ratios q < 0.3 can be rejected.
The optimal mass ratio estimate with an account for the
third non-eclipse light is q & 0.3 ÷ 0.4.
We emphasize that here we have restricted the mass
ratio q by minimizing the residuals χ2orb between the ob-
served and model orbital light curves of SS433 on the
set of model parameters limited by the precessional light
curve (see Fig. 12). In our paper Cherepashchuk et al.
(2009) the limit q > 0.3 for SS433 was obtained using
another method. In those case we have minimized the
χ2prec residuals between the observed and model preces-
sional X-ray light curves of SS433 on the set of model
parameters restricted by the orbital eclipsing light curve.
Then the best fit of the orbital light curve is obtained for
small mass ratios q ∼ 0.1; however, in that case the
height of the ’corona’ is quite large. At the cross-overs,
the ’corona’ is not fully eclipsed by the outer parts of the
disc, which unables us to reproduce both the form and
amplitude of the precessional light curve. Therefore,
mass ratios q < 0.3 are rejected. Thus, the analysis of
the orbital eclipsing light curve only does not enable us
to restrict the binary mass ratio q. Similarly, the analysis
of the precessional light curve only does not enable the
binary mass ratio to be restricted. Only the joint analy-
sis of the orbital and precessional light curves gives the
possibility to reliably constrain the binary mass ratio in
SS433 q > 0.3. In Cherepashchuk et al. (2009), the es-
timate q > 0.3 was obtained by assuming that the donor
star fills its inner Lagrangian surface ( f = 0). In the case
where the optical star fills its outer Lagrangian surface
( f = 1), the limit q > 0.3 is reinforced.
To conclude this Section, we note that as the hard
X-ray eclipse is wider than that in the standard X-ray
band (see Fig. 9), by solving our inverse problem
we always get a wide corona (big half-opening angle
ω ∼ 70o − 80o), which can be related to rough descrip-
tion of the form of hot corona filling the supercritical
accretion disc funnel. The conical approximation we
use in our geometrical model is clearly oversimplified.
7. Mass ratio constraints from binary orbital period
stability
The new estimate of the binary mass ratio in SS433
obtained above is in good correspondence with totally
independent constraints as inferred from the observed
stability of the orbital binary period of this system
(Cherepashchuk et al., 2018b, 2019).
In Cherepashchuk et al. (2018b) we have shown for
the first time that to provide the observed log-term sta-
bility of the orbital period of SS433 in the model of
isotropic re-emission from supercritical accretion disc,
an account of the possible mass-loss from the outer La-
grangian point L2 always increases the binary mass ratio
estimate: q & 0.6. We stress that this method of the bi-
nary mass ratio estimate is independent of spectroscopic
data of SS433.
A huge optical luminosity of the supercritical accre-
tion disc in SS433, as well as a powerful disc wind
and donor star wind, strongly hamper the reliable de-
termination of the binary mass ratio from spectroscopic
measurements (see, e.g., Fabrika 2004; Bowler 2010,
2011; Blundell et al. 2011; Bowler 2018). In particular,
the selective absorption of the optical star light in the
rotating circumbinary shell can misrepresent the spec-
tral classification of this star and distort the radial ve-
locity curve constructed using the absoprtion lines in
the optical spectrum. Evidences for the circumbinary
shell in SS433 have been found both from radio ob-
servations suggesting the presence of an equatorial gas
outflow normal to the relativistic jets (Blundell et al.,
2001; Bowler, 2011) and form infrared and optical spec-
troscopy revealing the presence of double-peak hydro-
gen emission lines (Filippenko et al., 1988; Perez M.
and Blundell, 2010; Robinson et al., 2017).
The recent spectrophotometric and astrometric obser-
vations by the VLTI GRAVITY interferometer (Wais-
berg et al., 2019) enabled the mapping of the double-
peak Brackett Br-γ emissions in the infrared spectrum
of SS433. The observations suggest that these emis-
sions cannot be formed in an accretion disc around the
compact object but are rather produced in a disc-like
circumbinary shell demonstrating a super-Keplerian ro-
tation and significant radial expansion. The GRAV-
ITY observations also showed that the broad compo-
nent of the double-peak emissions in SS433 is formed in
the stellar wind outflow from the supercritical accretion
disc supporting the composite model of the Brackett
emission line profile proposed in Cherepashchuk et al.
(2018b). In this model, the double-peak component ob-
served by Robinson et al. (2017) is formed in a cir-
cumbinary rotating shell and the broad profile is pro-
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duced in the disc wind outflow. Now this model is con-
firmed by the direct observations, additionally support-
ing the possibility of the significant Roche lobe overflow
by the optical donor star.
Analysis of optical observations of SS433
(Cherepashchuk et al., 2018a) that have been per-
formed in the last decades since its discovery does
not revealed significant changes in both the binary
orbital period and precessional period. This feature is
rather surprising because the mass-loss rate from the
optical star in this high-mass binary system is among
record-high known, M˙v ∼ 10−4M yr−1. The mass
outflow rate in the relativistic jets is much smaller,
M˙ j ∼ 10−6M yr−1. Most of the matter accreting
onto the compact object is thought to be expelled in
a quasi-spherical wind outflow from a supercritical
accretion disc. As noted above, there are also firm
observational signatures of outflow in the form of
circumbinary disc or jets. All these findings evidence
for a significant removal of angular momentum from
the binary system, which should be taken into account
in the analysis of the orbital stability.
While the exact physical mechanism of angular mo-
mentum loss from the system remains unclear, we are
able to put independent constraints on the binary mass
ratio q from the analysis of the binary orbital period sta-
bility over last several decades (see Cherepashchuk et al.
(2018b, 2019) for a more detailed discussion).
The mass loss from the system occurs in two ways:
in the form of isotropic re-emission of the wind outflow
from the supercritical accretion disc center (Shakura
and Sunyaev, 1973)(which we will parametrize by the
mass-loss rate βM˙v, β ≤ 1), and as gas outflow leaving
the binary system through the outer Lagrangian point
L2 (which we will parametrize by the mass-loss rate
(1 − β)M˙v, β ≤ 1). In the case of wind outflow from
the accretion disc, we can safely assume the specific an-
gular momentum carried away equal to that of the rela-
tivistic object, ωa2x (ω = 2pi/Pb is the orbital angular ve-
locity, ax the barycentric distance of the relativistic ob-
ject). The specific angular momentum of matter leaving
the system through a circumbinary disc can be directly
taken from the GRAVITY VLT observations (Waisberg
et al., 2019), vφ(Rout)Rout. Here Rout is the radius of the
circumbinary disc, vφ(Rout) is the rotational velocity of
the circumbinary disc (super-Keplerian in the case of
SS433):
dJ
dt
∣∣∣∣∣
out
= (1 − β)M˙vvφ(Rout)Rout .
The dominant (major) source of angular momentum in
the system is the orbital motion of the binary compo-
nents, Jorb = (MxMv/M)
√
GMa (Mv and Mx = qMv is
the mass of the optical donor star and relativistic object,
respectively, M = Mv + Mx = Mv(1 + q) is the total
mass of the system, a is the orbital separation; the orbit
is assumed to be circular). Therefore we can apply the
orbital momentum conservation equation:
dJorb
dt
= β
M˙v
M
Mv
Mx
+
dJ
dt
∣∣∣∣∣
out
,
where the first term specifies the angular momentum
loss due to isotropic mass re-emission from the super-
critical accretion disc characterized by fractional mass-
loss M˙iso = βM˙v, 0 ≤ β ≤ 1. After straightforward alge-
bra, we arrive at the equation for the fractional change of
the binary orbital period (Cherepashchuk et al., 2019):
P˙b
Pb
= − M˙v
Mv
3q2 + 2q − 3β − 3K(1 − β)(1 + q)5/3
q(1 + q)
.
The dimensionless coefficient K specifies the angular
momentum loss via circumbinary disc and for the typ-
ical values deduced from the GRAVITY VLT observa-
tions (Waisberg et al., 2019) is
K = vφ(Rout)Rout(GMv)2/3
(
2pi
Pb
)1/3
≈
≈ 5.1
(
vφ(Rout)
220 km s−1
)(
Rout
0.7mas
)(
Mv
15 M
)−2/3
.
From the observed stability of the orbital period of
SS433 over ∆t ∼ 28 years, |P˙b| ≤ 3 × σP/∆t, where
σP = 0d.00007 is the uncertainty in the SS433 orbital
period determination (Goranskij, 2011), and assuming
the optical star mass Mv = 15M with the mass-loss
rate M˙v = 10−4M yr−1, in Figure 15 we plot the con-
straints on the binary mass ratio in SS433 q for K = 5, as
a function of the parameter β. Clearly, even a tiny frac-
tion of the total mass loss via the circumbinary shell,
1 − β ' 0.01, places a mass ratio constraint q & 0.6
in SS433. This limit is in agreement with our analy-
sis of the hard X-ray orbital and precessional variability
of SS433 q & 0.5 (see Cherepashchuk et al. 2013 and
above in Section 6). Here we stress that allowance for
mass-loss through the circumbinary shell only increases
the minimum mass ratio q capable of providing the ob-
served stability of the orbital period in SS433.
Fig. 16 shows the binary mass ratio q as a function
of the optical star mass Mv which gives the observed
radial velocity semi-amplitude of the compact star esti-
mated from He II emission, Kx = 168 ± 18km s−1 (Hill-
wig et al., 2004). The obtained restriction on the binary
mass ratio, q > 0.6, enables us to independently con-
strain the optical star mass, Mv & 12M. This estimate
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Figure 15: Constraints on the mass ratio of SS433 for different values
of the mass-loss rate M˙v = 10−4 and 10−5 M yr−1 (intervals restricted
by the solid and dashed lines, respectively), for the fiducial value of
the dimensionless parameter K = 5. The dashed horizontal line shows
the solution of the quadratic equation 3q2 + 2q − 3 = 0 corresponding
to P˙b = 0 at β = 1 (only Jeans mode mass outflow) independently of
the mass-loss rate M˙v. (From Cherepashchuk et al. (2019)).
is independent of the distance to the source. Therefore,
for Mv > 12M and q > 0.6 the mass of the compact
object in SS433 is Mx & 7M, which reinforce the con-
clusion that the compact object in SS433 is a typical
stellar-mass black hole.
8. Summary of analysis of INTEGRAL observations
The long time interval spanned by INTEGRAL ob-
servations of SS433 (2003-2011) enabled us to obtain
new results which are summarized below.
1. For the first time, hard X-ray emission (18-60 keV)
was detected from supercritically accreting compact
source suggesting the presence of a cone-like funnel in
the accretion disc centre through which the accretion-
generated hard X-ray emission leaks out from the sys-
tem (Cherepashchuk et al., 2003).
2. A unique feature of SS433 differing this supercrit-
ically accreting microquasar from classical X-ray bina-
ries is found: the width of the X-ray source eclipse by
the optical star in 18-60 keV band is wider than that
in the standard 2-10 keV X-ray band (Cherepashchuk
et al., 2005). This evidences for the hard X-ray emission
from an extended hot central region of the supercritical
accretion disc (a ’corona’).
3. The amplitude of both the orbital eclipse and pre-
cessional hard X-ray variability exceeds one order of
magnitude suggesting that the ’corona’ is almost fully
screened by the donor star during the orbital eclipse and
is fully eclipsed by the outer parts of the precessing ac-
ccretion disc.
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Figure 16: Binary mass ratio q corresponding to the radial orbital
velocity of the compact object as required to reproduce observed
HeII radial velocity semi-amplitude Kx = 168 ± 18km s−1. (From
Cherepashchuk et al. (2019)).
4. For the first time, the hard X-ray spectrum of
SS433 was found to keep its shape both during orbital
and precessional variability (is described by a power
law with the photon index Γ ' 3.8) despite an order-
of-magnitude flux change. This strongly suggests that
the Comptonized emission from an extended hot quasi-
isothermal ’corona’ (kT ' 20 keV) and not thermal
emission from relativistic jets with rapidly radially de-
creasing temperature dominates (Cherepashchuk et al.,
2005, 2009, 2013; Krivosheyev et al., 2009). The evi-
dence of the hot ’corona’ in hard X-rays was indepen-
dently found from Suzaku observations of hard X-ray
excess in the SS433 spectra (Kubota et al., 2010b).
5. The shape of the 18-60 keV orbital light curve
of SS433 is found to demonstrate two humps at orbital
phases 0.25 and 0.75, especially in 40-60 keV. This fea-
ture is likely to be due to the nutation of the accretion
disc with a period of 6.290 d. The nutational variability
was also supported by the analysis of Swift/BAT light
curves of SS433 (Cherepashchuk et al., 2013). The ob-
served hard X-ray nutational variability of SS433 lends
more credence to the production of hard X-ray emission
of SS433 in an extended hot corona.
6. For the first time, the INTEGRAL observations
of SS433 revealed the presence of the secondary maxi-
mum in the precessional light curves, visible both in the
broad-band 18-60 keV and more narrow 18-40 and 40–
60 keV bands. This finding directly suggests that the
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hot extended corona is visible in moments of both max-
imum disc opening (ψprec = 0) and between two cross-
overs (ψprec = 0.34, 0.66) when the disc is turned by the
’rear’ side to the observer. These fine details of the pre-
cessional variability support our model of the supercrit-
ical accretion disc with extended hot central ’corona’.
7. INTEGRAL observations discovered a signifi-
cant (up to a factor of two) variability of the width of
X-ray eclipse of the accretion disc by the donor star
(Cherepashchuk et al., 2009) implying that the eclipse
is not a purely geometric effect. The complex eclipse
form evidences for the important role of absorption ef-
fects due to gas streams forming the precessing accre-
tion disc and also appearing in the wind collision region
between the donor star and the disc. The upper envelope
of the eclipse ingress is found to be the most appropriate
for geometrical modeling of the hard X-ray light curve.
8. For the first time, a joint interpretation of the or-
bital and precessional hard X-ray light curves is per-
formed in the model of precessing accretion disc with
hot extended corona assuming the donor star’s filling
of both inner (passing through the L1 point) and outer
(passing through the L2 point) Lagrangian surface. This
analysis made it possible to conclude that low values of
the binary component mass ratio q = Mx/Mv < 0.3 can
be reliably rejected by 18-60 keV INTEGRAL observa-
tions (Cherepashchuk et al., 2013). The possibility of
the donor star to stably overfill its Roche lobe shifts the
lower limit of admissible binary mass ratio to qmin '
0.5. Thus, our modelling of the INTEGRAL orbital and
precessional light curves suggests q & 0.3 ÷ 0.5, which
can be considered as conservative mass ratio estimate.
9. Our recent analysis of the observed stability of
the binary orbital period over ∼ 30 yrs taking into ac-
count of the angular momentum loss from the system
due to isotropic re-emission from the central parts of
the supercritical accretion disc and mass loss through
the L2 point (Cherepashchuk et al., 2018b, 2019) sug-
gests q & 0.6. Here we have used the results of the VLT
GRAVITY observations (Waisberg et al., 2019) discov-
ered a circumbinary shell around SS43 rotating with a
super-Keplerian velocity.
10. We emphasize the agreement between the two
independent estimates of the binary mass ratio q &
0.3 ÷ 0.5 and q & 0.6 discussed above. Assuming the
donor star mass in SS433 to be Mv = 8 ÷ 15 M, our
estimate q > 0.6 leads to the mass of the relativistic ob-
ject in SS433 (irrespective of the spectral analysis of the
system) Mx = qMv > (5 ÷ 9) M, which provides solid
grounds to consider the relativistic object in SS433 as a
black hole with mass close to the mean mass of black
hole candidates in Galactic X-ray binaries (∼ 8 M).
11. The relatively high binary mass ratio in SS433
obtained from our analysis q > 0.6 is in agreement with
conclusions by van den Heuvel et al. (2017) about the
absence of the common envelope in this system thus
confirming the evolutionary status of SS433 as a mas-
sive semi-detached X-ray binary at late stages of the
secondary mass exchange with stable mass transfer rate
from the donor star onto the relativistic object, most
likely a black hole. Note that the high mass of the com-
pact object in SS433 was recently inferred by Bowler
(2018) from different considerations.
van den Heuvel et al. (2017) note that if the initial
mass of the donor star in SS433 exceeds ∼ 11 − 12 M,
the evolution of SS433 ends up with the formation of a
(neutron star+black hole) binary system. As our analy-
sis suggests the optical star mass above ∼ 12 M, the
possibility of the ultimate formation of a NS+BH or
even BH+BH binary from SS433 is reinforced. If com-
pact enough, such a binary would merge due to gravi-
tational radiation losses to become a binary coalescence
gravitational wave source.
9. Conclusions and outlook
Based on the INTEGRAL observations, we have con-
sidered in detail the properties of SS433 as a massive
X-ray binary passing through the final stages of the sec-
ondary mass exchange between the components. By an-
alyzing hard X-ray INTEGRAL observations of SS433
and using the fact of the observed constancy of the or-
bital binary period of SS433 with an account of recent
IR observations of SS433 by the VLT GRAVITY in-
terferometer, we have obtained reliable constraints on
the binary mass ratio q = Mx/Mv & 0.6 suggesting the
black hole nature of the relativistic companion in this
binary system. Here we did not considered many other
intriguing properties of SS433 yet to be explained. The
unsolved issues of SS433 include, in particular, the fol-
lowing.
1. The mechanism of the accretion disc precession
with a period of ∼ 162.3 d. Tilted accretion discs pre-
cessing with a period an order of magnitude longer than
the orbital one are known in different classical X-ray bi-
naries, including Her X-1 (Pprec ' 35 d (Tananbaum
et al., 1972)), Cyg X-1 (Pprec ' 147 d (Zdziarski et al.,
2011)), LMC X-4 (Pprec ' 30.4 d (Lang et al., 1981)),
etc.
An orbital tilt of the disc can be due to asymmetric
supernova explosion leading to the formation of the rel-
ativistic component that can turn the orbital plane rel-
ative to the rotational axis of the optical star Roberts
(1974); Cherepashchuk (1981a). The tilted disc should
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precess because the optical star’s spin axis precesses
(the ’slaved’ precession, Shakura 1973). The disc will
also undergo forced tidal precession (Katz, 1973). The
precessing disc in SS433 was discussed by Fabrika
(2004) (see also references in that review). The stabil-
ity of kinematic model parameters of SS433 observed
over 40 years, as well as small variability in the jet
outflow velocity, favours the slaved precession model
(Cherepashchuk et al., 2018a). The low-amplitude
orbital periodicity in the jet velocity (Cherepashchuk
et al., 2018a) may imply that the orbit of SS433 is
slightly eccentric (Blundell et al., 2007), which is in
agreement with the slaved precessing accretion disc fol-
lowing the precession of the optical star spin axis (van
den Heuvel et al., 1980). The point is that in the
slaved accretion disc model for SS433 the optical star
spin axis is tilted to the orbital plane by ∼ 20o imply-
ing asynchronous rotation of the star with the orbital
period. However, tidal synchronization model (Zahn,
1977, 1989) suggests that the tidal synchronization of
the binary components spins occurs earlier than the or-
bital circularization. Therefore, if the optical star in
SS433 is in asynchronous rotation with the orbital pe-
riod, the binary orbit could be slightly eccentric, which
can be the case for SS433. The optical light curves
of SS433 are subject to significant physical variability
from period to period which makes it difficult to detect
a low orbital eccentricity e < 0.1 quite admissible by
the optical observations.
2. The collimation mechanism of relativistic jets up
to the observed velocity ∼ 80000 km s−1 is another puz-
zle. The jet velocity remains on average stable over
∼ 40 years (Cherepashchuk et al., 2018a). SS433 turned
out to be the first representative of a new class of ob-
jects – Galactic microquasars, – X-ray binaries exhibit-
ing collimated relativistic jets with bulk velocities up
to 0.9c (massive X-ray binary Cyg X-1, low-mass X-
ray binaries GRS1915+105, GROJ1655-40, etc.). The
salient feature of SS433 jets is their precession and
quasi-stationarity. The jet precession is closely related
to that of the accretion disc (observations suggest that
jets are perpendicular to the disc plane and follow its
preccessional motion). The constant jet velocity can
be due to the line-locking effect (Margon et al., 1979b;
Shapiro et al., 1982).
3. Recently, the detection of GeV gamma-ray emis-
sion from the SS433 region was reported from the anal-
ysis of ten-year’s Fermi-LAT observations (Xing et al.,
2019). This emission is likely to be formed in the jet
interaction region with the ambient W50 nebula. This
finding was independently confirmed by the analysis
of Fermi-LAT 200-500 MeV data (Rasul et al., 2019),
who also securily detected the precessional variabil-
ity of the gamma-ray emission. At very-high-energy
range (∼ 20 TeV), SS433 was detected by High Altitude
Water Cherenkov (HAWC) observatory (Abeysekara
et al., 2018). VHE from the jet/W50 interaction region
was detected by MAGIC and H.E.S.S. Cherenkov tele-
scopes (MAGIC Collaboration et al., 2018), but no TEV
photons were detected from the central binary source.
These VHE observations enabled new insights into the
physics of particle acceleration and magnetic field in the
jet/W50 interaction region. However, the rich physics
and observations of SS433 jets from radio to VHE range
is beyond the scope of the present review (see (Fabrika,
2004) for more discussion of jets and early references).
4. In recent years, radiation hydro simulations of
supercritical accretion discs have been performed (see,
e.g., (Ohsuga et al., 2005; Okuda et al., 2009; Ohsuga
and Mineshige, 2011)). The similarity of SS433 with
the ultraluminous X-ray sources (ULXs) has long been
stressed (Fabrika and Mescheryakov, 2001; King et al.,
2001; Fabrika, 2004) and the supercritically accreting
HMXBs with stellar-mass black holes remain the possi-
ble model for ULX. Presently, strongly shifted spectral
lines suggesting the presence of relativistic jets were re-
ported in two ultra-luminous X-ray sources, M81ULX-
1 and NGC300 ULS-1 (v/c ' 0.17 − 0.24) (Liu et al.,
2015; Kosec et al., 2018). Dı´az Trigo et al. (2013)
reported the discovery of baryonic jets from putative
black hole in X-ray binary 4U17630-70 that can be an
SS433 analog. Recently, the structure of emission re-
gions around relativistic jets in SS433 was probed by the
GRAVITY VLTI interferometer (Waisberg et al., 2018).
Finally, we should mention recent claims (Goranskij,
2017) on the possible rapid binary evolution in SS433
appearing as systematic changes of its photometric vari-
ability. Here we stress again, however, that our analysis
of parameters of the kinematic model of SS433 inferred
from spectroscopy of moving emission lines (including
precessional, nutational and orbital periods, the module
of the jet outflow velocity and the jet inclination angle to
the orbital axis) suggest that they remain constant on av-
erage over ∼ 40 years of observations (Cherepashchuk
et al., 2018a). Therefore, further spectral and photo-
metric multiwavelength observations of SS433 are im-
portant and strongly encouraged. X-ray observations of
SS433 and surrounding nebula W50 are already sched-
uled in the forthcoming eROSITA mission.
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